UDP-galactose 4-epimerase (EC 5.1.3.2, Gal E) from Escherichia coli catalyzes the reversible reaction between UDP-galactose and UDP-glucose. In this study, the Gal E gene from E. coli, coding UDP-galactose 4-epimerase, was cloned into pYD1 plasmid and then transformed into Saccharomyces cerevisiae EBY100 for expression of Gal E on the cell surface. Enzyme activity analyses with EBY100 cells showed that the enzyme displayed on the yeast cell surface was very active in the conversion between UDP-Glc and UDP-Gal. It took about 3 min to reach equilibrium from UDP-galactose to UDP-glucose.
Carbohydrates play essential roles in all organisms, from bacteria to human. They serve not only as energy sources and structural components, but also as key elements in a variety of biomedical processes, such as molecular recognition, signal transduction, differentiation, and developmental events.
1) Further research on the biological functions of glycoconjugates has led to an increasing demand for large-scale oligosaccharides. Despite the extensive availability of various glycosyltransferases, the high cost and inadequate availability of the sugar nucleotides required by these enzymes have severely limited their application. Much research has been focused on in situ sugar nucleotide regeneration through multiple-enzyme systems.
2-5) Using this strategy, Peng George Wang's research group has synthesized -Gal epitopes (Gal1, 3Gal1, 4Glc) and Gb 3 (Gal1, 4Gal1, 4Glc) using a single recombinant E. coli strain harboring three enzymes: Sucrose synthase (Sus A), Gal E, and truncated bovine -1,3-galactosyltransferase (1,3Gal T), and another E. coli strain containing three enzymes: Sus A, Gal E, and Neisseria meningitidis 1,4Gal T (Lgt C) respectively. 6) But when using the whole cell as a factory to produce oligosaccharides, it is necessary to overcome the difficulties of transferring substrates in and products out. This significantly influences the efficiency of oligosaccharide syntheses. A new method, named ''superbeads,'' has been used for oligosaccharide production: It involves immobilizing a series of related enzymes, 7) but is hindered by the obstacle of enzyme purification.
Yeast cell-surface display systems are ideal for the expression of heterologous proteins. So far, a number of heterologous proteins, varying in size from 0.93 to 136 kDa, have been successfully displayed on the yeast cell surface, including many enzymes. The enzymes displayed are still effective in their biochemical reactions.
8)
UDP-galactose 4-epimerase, hereafter referred to simply as Gal E, is an essential enzyme in the galactose metabolic pathway. This enzyme catalyzes a freely reversible reaction between UDP-galactose and UDPglucose, and is responsible for both catabolism and anabolism of galactose in all cell types.
9-11) It is also widely involved in the biosynthesis of oligosaccharides containing galactose.
E. coli K-12 (substrain MG 1655, ATCC #47076) chromosomal DNA was isolated directly from freezedried culture. The Gal E gene was amplified by Taq polymerase (TaKaRa, Dalian, China) from chromosomal DNA with primer 1, 5 0 -GCGTAGGATCCAGAG-TTCTGGTTACCGGTG-3 0 (BamH I restriction site underlined) and primer 2, 5 0 -CGCTCGAATTCATCT-GGGATATCCCTGTG-3 0 (EcoR I restriction site underlined) as forward and reverse primers respectively. The PCR fragment was inserted into the BamH I and EcoR I cloning site of pYD1 plasmid. The integrity of the new construct was confirmed by restriction analysis with BamH I and EcoR I (TaKaRa) and sequencing. The construct pYD1/Gal E was subsequently transformed into DH5 (lacZÁM15 hsdR recA, kept in our lab) for y To whom correspondence should be addressed. Tel: +86-531-88366153; Fax: +86-531-88366078; E-mail: zhanghoucheng@sdu.edu.cn; pwang@sdu.edu.cn Abbreviations: Gal E, UDP-galactose 4-epimerase; -Gal epitopes, Gal 1,3 Gal1,4 Glc; Sus A, sucrose synthase; Gb 3 , Gal 1,4 Gal1,4 Glc; CE, capillary electrophoresis amplification using ampicillin resistance, and then into Saccharomyces cerevisiae EBY100 (MATa trp1 leu2Á1, Invitrogen, USA) for fusion protein expression on the cell surface using the TRP 1 gene as a selective marker.
We inoculated a single yeast colony into 50 ml YNB-CAA containing 2.0% (w/v) glucose and grew it overnight at 30 C with shaking. The transformant cells were prepared with S. c.EasyCompÔ Kit (Invitrogen). The protein of interest (Gal E) expressed on the yeast cell surface was detected using the immunofluorescein technique after 30 h induction at 20 C (Fig. 1 ). Stain and observe displayed proteins using the pYD1 Yeast Display Vector Kit (Invitrogen) manual. We Assayed EBY100/pYD1/Gal E cells and used EBY100/pYD1 as a control. The outcomes suggest that Gal E was expressed on the yeast cell surface correctly.
Our previous studies showed that Gal E was active in a wide pH range, with an optimal pH of 7.0 in TrisHCl.
12) The reaction mixture consisted of 0.6 mM substrate (UDP-Glc or UDP-Gal) (Sigma) 20 mM pH 7.0 Tris-HCl buffer, BSA 0.2%, and 10 mg (wet weight) of freshly prepared EBY100 cells in a total volume of 5 ml. The reaction was carried out at 24 C and was stopped by centrifuging to remove the cells from the reaction system. The supernatant was boiled for 5 min and then centrifuged for 5 min to remove the pellets. Analysis was performed by capillary electrophoresis (CE) with the P/ACEÔ MDQ Capillary Electrophoresis System (Beckman Coulter). Electrophoresis conditions were as follows: 75 mm i.d., bare fused silica capillary, 50 cm total length, 40 cm to detector, 250 V/cm, 5 s vacuum injection with monitoring at 262 nm and 25 mM sodium tetraborate running buffer (Sigma), pH 9.4. Capillary electrophoresis was used to confirm the identity of the reaction products by comparison to the standard compounds: UDP-Glc and UDP-Gal (Sigma). These epimers were baseline-resolved with 7.9 and 8.2 min retention times for UDP-Glc and UDP-Gal respectively (Fig. 2) . The results showed that Gal E displayed on the yeast cell surface catalyzed interconversion between UDP-Glc and UDP-Gal.
To determine thermostability, the same yeast cells were used to catalyze the conversion from UDP-Glc to UDP-Gal for 10 cycles. The reaction condition was 0.6 mM UDP-Glc (Sigma) 20 mM pH 7.0 Tris-HCl buffer, BSA 0.2%, and 10 mg (wet weight) of freshly prepared EBY100 cells in a total volume of 5 ml. The reaction was carried out at 24 C. After reaction for 2 min, the yeast cells were removed from the system by centrifugation (5,000 g for 3 min). The supernatant was used for enzyme activity analysis. The pellet was washed once with distilled water and used for the next reaction (3 h per cycle). The results showed that the half life of Gal E was about 21 h.
Although UDP-galactose 4-epimerase from many organisms is a homodimer under its physiological condition, due to steric hindrance, it is difficult for it to become a dimer when they are displayed on the yeast cell surface in the form of subunits. Therefore, the significant catalytic activity in all probability came from monomeric subunits on the yeast cell surface. This is the same as in previous reports. [13] [14] [15] [16] [17] The time course of the Gal E catalytic conversions of UDP-Gal and UDP-Glc showed that it took about 3 min to reach equilibrium when UDP-Gal was the substrate, and was 2 min faster than that of UDP-Glc under the substrate at the same conditions (Fig. 3) . These results show that the conversion ratio of UDP-Glc to UDP-Gal was consistently about 75:25 when the epimerization reaction reached equilibrium, irrespective of the initial substrate. Compared with our previous studies, 12) when 0.004 mg purified Gal E expressed in E. coli was used in the same system to catalyze the conversion from UDP- The first antibody is Anti-V5 antibody (Invitrogen) and the second antibody is anti-mouse IgG conjugated with fluorescein isothiocyanate. A, S. cerevisiae EBY100 containing pYD1/Gal E; B, S. cerevisiae EBY100.
glucose to UDP-galactose, it took about 15 min to reach equilibrium. This means that Gal E displayed on the yeast cell was active in the conversion between UDPGlc and UDP-Gal.
Without a complex purification processes, we got immobilized enzyme (Gal E) using the surface displaying system. Whole cells as catalyst can catalyze interconversion between UDP-Gal and UDP-Glc, present catalytic activity strongly, and should facilitate pathways of oligosaccharide production in the future. . 12) Chen, X., Kowal, P., Hamad, S., Fan, H., and Wang, P.
G., Cloning, expression and characterization of a UDPgalactose 4-epimerase from Escherichia coli. Biotech. Reactions consisted of 0.6 mM substrate (UDP-Glc or UDP-Gal), 20 mM pH 7.0 Tris-HCl buffer, BSA 0.2%, and 10 mg (wet weight) of freshly prepared EBY100 cells in a total volume of 5 ml, at 24 C.
Fig. 2. Capillary Electrophoresis Traces of the UDP-Galatose 4-Epimerase Reaction after Reaching Equilibrium.
A, Standard mixture of UDP-Gal and UDP-Glc, 0.6 mM each; B, UDP-Gal as substrate reaction; C, UDP-Glc as substrate reaction; D, UDP-Glc as substrate reaction (1 mM UDP-Gal added after quenching). In each case (except for A), UDP-sugar substrate was used at 0.6 mM, and 10 mg (wet weight) of freshly prepared EBY100 cells in a total volume of 5 ml, at 24 C. UDP-Glc has a retention time of 7:9 AE 0:1 min, and UDP-Gal has a retention time of 8:2 AE 0:1 min.
